Resistance Noise in Spin Valves 
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Fluctuations of the magnetization in spin valves are shown to cause resistance noise that strongly 
depends on the magnetic configuration. Due to the applied external field and the dynamic exchange 
interaction through the normal metal spacer, the electrical noise level of the antiparallel configuration 
can exceed that of the parallel one by an order of magnitude, in agreement with recent experimental 
results. 
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The dynamics of nanoscale spin valve pillars in which 
electric currents are flowing perpendicular to the inter- 
face planes (CPP) attract much interest The 
giant magnetoresistance (GMR) of such pillars of ferro- 
magnetic films separated by normal metals, makes them 
attractive as future read heads in magnetic hard-disk 
drives. However, CPP-GMR heads might be flawed by 
noise. Covington et al. [3j found enhanced low-frequency 
resistance noise in CPP spin valves. They ascribed this to 
the spin-transfer torque, i.e., the torque exerted by a spin 
polarized current on the magnetizations of the ferromag- 
netic layers 0, Q . Rebei and Simionato Q on the other 
hand, favored micromagnetic disorder as an explanation. 
More recently, electrical noise measurements have been 
carried out on CPP nanopillar multilayers with up to 15 
magnetic layers p|. The noise power was found to be 
reduced by more than an order of magnitude by align- 
ing the magnetizations from antiparallel to parallel in an 
external magnetic field. 

The noise properties of small metallic structures pose 
challenges for theoretical physics la to which ferromag- 
netism adds a novel dimension |{A Hfl The ther- 

mal fluctuations of single domain magnetic clusters have 
been described already 50 years ago by Brown 0. Re- 
cently it has been shown that by contacting the magnet 
with a conducting environment, the magnetization fluc- 
tuations are enhanced compared to the bulk value fTl| . 
Spin valves offer an opportunity to detect the enhanced 
magnetization noise electrically by the GMR effect, but 
the new degree of freedom of the detector magnetization 
complicates the picture in a nontrivial way. The better 
understanding of the noise properties of CPP nanopillar 
spin valves reported in the present Letter should there- 
fore be of interest for basic physics as well as applications. 

In spin valves, two sources of thermal noise must be 
taken into account; direct agitation of the magnetiza- 
tions due to intrinsic processes p~3|, and thermal spin 
current fluctuations outside the ferromagnets that affect 
the magnetizations by means of the spin-transfer torque 
(llj . Assuming low external bias, spin current shot-noise 
(due to the discreteness of spin angular momentum) can 



be disregarded. We show in this Letter that the resulting 
resistance noise strongly depends on the magnetic con- 
figuration. We find that when the ferromagnets are or- 
dered antiparallel, the noise level can indeed be an order 
of magnitude higher than when they are parallel. Our re- 
sults thus offer an explanation of the experimental results 
of Covington et al. pfl • 
Resistance noise is defined 



S(t-t') = (AR(t)AR(t')), 



(1) 



where AR(t) = R(t) — (R) is the fluctuation of the 
resistance at time t from its time-averaged value. We 
consider a spin valve with two ferromagnetic films with 
magnetizations mi(i) and ni2(i) separated by a nor- 
mal metal. At non-zero temperatures both magneti- 
zations have fluctuating parts dmi(i) = mi(i) — (mi) 
and 5ma(t) = m2(t) — (1112), due to intrinsic plus spin 
current noise. The resistance R(t) of the spin valve de- 
pends on the angle 9 between the magnetizations. Close 
to collinear configurations, R(t) can be expanded in the 
small fluctuations as: 



fl[mi(t) -m 2 (t)] 



P/AP 

(2) 

where the upper/lower signs hold for the parallel 
(P)/antiparallel (AP) orientation, 6m^(i) = <5mi(i) =p 
dm.2(t), and the differential on the right hand side should 
be evaluated for mi ■ m 2 = cos 8 = 1 (P) or cos 9 = — 1 
(AP). Eq. © inserted in Eq. JTJ expresses the resis- 
tance noise in terms of the magnetization fluctuations 
5m T (t). Only the difference between the magnetization 
vectors <$m~(t) induces noise when the magnetizations 
are parallel, whereas only the sum Sm + (t) contributes 
when antiparallel. The fluctuations 5m T (t) are the solu- 
tions of the stochastic equations of motion for the mag- 
netizations. 

To start with, let us consider a single ferromagnetic 
film isolated from the outside world. The magnetization 
dynamics in the macro-spin approximation is given by 



the Landau-Lifshitz-Gilbert (LLG) equation: 

^ = - 7 m x [H cff + h<°> (t)]+ a „mx^, (3) 

where m is the unit magnetization vector, 7 the gy- 
romagnetic ratio, H c ff the effective magnetic field, «o 
the Gilbert damping constant, and h^(t) a time- 
dependent random field describing intrinsic thermal ag- 
itation. h(°)(t) has zero average and a white noise cor- 
relation function that satisfies the fluctuation-dissipation 
theorem (FDT) [l^, 

(hl°\t)hf\in) = 2k B T-^ } 5 ij 8{t - 0. (4) 

Here i and j are Cartesian components, k B T the ther- 
mal energy, M s the saturation magnetization, and V the 
volume of the ferromagnet. When the ferromagnet is in 
contact with a conducting environment, two additional 
related effects may occur. First, when the magnetization 
precesses, the ferromagnet emits spins into the neighbor- 
ing conductors ( "spin pumping ") [la. In some cases, this 
can be shown to be equivalent to an enhancement a' of 
the Gilbert damping [ljj, oto — ► ao + a' . Secondly, a spin- 
polarized current (either due to spin pumping or external 
bias) can exert a torque on the magnetization |il lil Hif . 
since its component polarized transverse to the magne- 
tization is absorbed at the interface flfil 

E1E3- This 

spin-transfer torque may lead to magnetization preces- 
sion or complete reversal. In spin valves, spin pumping 
and corresponding spin-transfer torque together couple 
the LLG-equations of the individual magnets ( "dynamic 
exchange interaction" ) 0, 0] . 

Through the spin torque, thermal spin current noise 
exerts a fluctuating torque on the magnetization vector. 
As a result, the magnetization noise is increased as com- 
pared to the intrinsic noise in an isolated ferromagnet. 
We have shown that for a single ferromagnet sandwiched 
by normal metals, the enhancement of the noise is well 
described by a random field h'(i) similar to, but statis- 
tically independent of, the intrinsic random field (t) 
. h'(t) has correlation function equal to Eq. (J2J but 
with the intrinsic damping constant ao replaced by a'. 
Thus, the magnetization noise is still governed by the 
FDT, with the total noise described by the effective ran- 
dom field h(t) = h(°)(i) + h'(t) and the total dissipation 
by the enhanced Gilbert damping constant a = ao + a' . 
The appearance of a' in this context identifies the ther- 
mal spin current noise as the microscopic process that en- 
sures validity of the FDT in the presence of spin pumping 

In an unbiased spin valve with a normal metal spacer 
thicker than the spin-flip diffusion length, the ferromag- 
nets move independently of each other as described by 
Eq. © with ao,h.(°) replaced by a, h. More interest- 
ing is a spin valve with a thin spacer through which 
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FIG. 1: A spin valve consists of two ferromagnetic thin films 
-Fi and F2 separated by a normal metal spacer TV and con- 
nected to normal metal reservoirs. Applied voltages are so 
small that their effect on the dynamics may be disregarded. 



the ferromagnets are allowed to communicate. The dy- 
namic exchange coupling due to spin pumping 0, 0] 
must then be taken into account, together with the static 
exchange coupling mediated by electrons in the normal 
metal spacer, and the static coupling due to the magnetic 
dipolar interaction. The interlayer static exchange cou- 
pling and dipolar coupling can both be described by a 
Heisenberg coupling — Jmi • m 2 , where J is the coupling 
strength, favoring parallel (antiparallcl) alignment when 
J > (J < 0). We consider a spin valve such as the 
one pictured in Fig. ^ in the regime of significant static 
and dynamic couplings. Two ferromagnetic thin films are 
separated by a normal metal spacer and connected to nor- 
mal metal reservoirs. The ferromagnets are thicker than 
the magnetic coherence length, so that they perfectly ab- 
sorb any incoming spin current polarized transverse to 
the magnetization direction 0, 0, 0] . Spin-flip pro- 
cesses in the middle normal metal are disregarded, which 
is usually allowed for CPP spin valves. Here we focus 
on the situation in which the externally applied currents 
or voltages are sufficiently small to not affect the de- 
vice dynamics. For simplicity, we take the spin valve to 
be symmetric (i.e., the two ferromagnets have identical 
conductance parameters), and only consider parallel and 
antiparallel magnetic configurations. Assuming that the 
exchange coupling J is negative, the antiparallel state is 
the ground state without applied external fields, while 
the parallel state is achieved by applying a sufficiently 
strong external magnetic field forcing the magnetizations 
to align. 

Because of the static and dynamic coupling between 
the ferromagnets, the resistance noise is shown below to 
vary substantially with the magnetic configuration. The 
first step is to determine the total noise fields hfc(t) = 
hi (i) + h' k (t) for ferromagnet F\ (k = 1) and ferromag- 
net F2 (k = 2). The intrinsic fields hi (i) are given by 
Eq. (J2J, whereas the spin current-induced fields h' k (t) 
can be calculated using magnetoelectronic circuit theory 
[lfij and the results of Ref . . Requiring conservation 
of charge and spin in the normal metal spacer [||, and 
taking into account thermal fluctuations of the distri- 
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bution function in the same spacer [9|, the results are as 
follows |20| : For both the parallel and antiparallel config- 
urations, the spin current-induced noise fields h[(t) and 
h' 2 (t) are given by 



(hUt)h' k Jt')) = 2k B T 



lM s V 



SijSit-t'). 



(5) 



Here k = 1,2, and i and j label axes perpendicular to the 
magnetization direction. Furthermore, h^(t) and h 2 (t) 
are not statistically independent: 



(hUt)h' 2 At')) = -{h[^t)hUt')) 



(6) 



due to current conservation. As dictated by the FDT, a' sv 
is the spin-pumping enhancement of the Gilbert damping 
in each of the ferromagnets of the spin valve (sv) , given by 
a' sv = (7^Re 5 Tl)/(87rM s V) _19|. Here g n is the dimen- 
sionless interface spin-mixing conductance (of which we 
have disregarded a small imaginary part) 15] . For sim- 
plicity, spin pumping and spin current fluctuations into 
the outer normal metal reservoirs have been disregarded, 
but can, since the reservoirs are perfect spin sinks, be in- 
cluded simply by increasing the intrinsic Gilbert damping 
constant ao- 

We can now calculate the resistance noise, which is 
given by Eq. J5J inserted in Eq. JQ). Assuming that the 
fluctuations of the magnetization vectors are Gaussian 
distributed we can employ Wick's theorem [2l| and 
obtain 



(t-t% 



Sp ' Ap{t ~ t>] ~ Kd^f) ) P/AP ^ S -fmf 

(7) 

for the resistance noise when the magnetizations are par- 
allel (P, upper sign) or antiparallel ( AP, lower sign) . Here 
S m r m -{t-t>) = (5mr(t)5mj(f)), S mtm +(t - f) = 

{5mf (t)5m~^ (t')) , and the summation is over all Carte- 
sian components. S - m -(t— t') and S + +(t—t') should 

i j i j 

be calculated from the LLG equation, Eq. J2J, aug- 
mented to include the thermal spin current noise, spin 
pumping, spin torque, and static exchange/dipolar cou- 
pling (19j : 



dm k 

dt 



= -m fe x [uj z + LOc(m k ■ x)x + uj x mi + jhk(t)] 
+ {a + a sv )m k x — a sv m ; x — — , (8) 



dt 



dt 



where fc, I = 1, 2 denotes ferromagnets 1 or 2, ujqZ = 7H0 
is an external field applied along the z-axis, oj x = ^J/M s d 
parametrizes the static coupling (where d is the thick- 
ness of the ferromagnets), and h k (t) = (i) + h' k (t) 
is the total noise field. We have included an in-plane 
anisotropy field aj c (m k ■ x)x = jH c along the x-axis. 
Both ferromagnets are described by the damping pa- 
rameter a = ao + a' sv . The anisotropy field and the 



negative exchange coupling (uj x < 0) align the ferro- 
magnets antiparallel along the rr-axis when the exter- 
nal field is turned off. Then m k (t) ss ±x + 5m k (t) for 
k = 1,2, where Sm k ss Sm k ^ y y + Sm kiZ z are the trans- 
verse fluctuations induced by the random noise fields. 
Linearizing the LLG equation in Sm k we can evaluate 
the magnetization noise S + +{t — t 1 ) using Eqs. 10} , 

i j 

© and and find the resistance noise from Eq. JJJ). 
When turned on, a large external field enforces a par- 
allel magnetic configuration. Disregarding a sufficiently 
weak anisotropy field, m k (t) « z + Sm k (t) for k = 1,2, 
where Sm k w Sm kyX k + 5m k ^ y y. This may be used to 
find S - - (t — t') and subsequently Sp(t — t'). 

i j 

The zero- frequency resistance noise Sp/ A p{uj' = 0) = 
/ d(t - t')(AR(t)AR(t')}p /AP thus becomes 



<Sp/Ap(0) — — 



2 (2 1 k B T\ 2 ( dR ■ 2 



d cos 8 



P/AP 



dwX 



P/AP 

(9) 



where 



X P 



u? + (w t - uj c ) 2 Y + (lu 2 + J 1 ) 2 + 2w 2 (2w t - lu c ) 2 

2at 2 ([u 2 - ut{u;t - lo c )] 2 + cu 2 a 2 [2u t - to c ] 2 ) 2 

(10) 

for the parallel and 



Xap = 



Lu 2 a t + uj 2 a 



[uj 2 + lo c (2uj x - uj c )] 2 + 4uj 2 [uj x aa - lo c 



(11) 

for the antiparallel configuration. Due to the fact that the 
resistance noise goes as square of the magnetization noise 
(see Eq. J7J), there is an integration over frequency (com- 
ing from a Fourier transform) in the above expression. 
The low-frequency resistance noise is hence not just given 
by the low-frequency magnetization noise. uj t = loq + 2lo x 
and at — ao + 2a' (note the difference with a = ao + a') 
correspond to the frequency and damping of the anti- 
symmetric mode 5m (t) in the P configuration . We 
have set the external field to zero for the antiparallel con- 
figuration, and have assumed the damping to be small, 
a 2 <C 1, a condition which is well obeyed by most ferro- 
magnets H3. The differential dR/d cos 9 can be calcu- 
lated using magnetoelectronic circuit theory 0, , and 
shown to depend weakly on the magnetic configuration 
|2fj| . For simplicity, we approximate it in the following to 
be a constant. The ratio Sap/Sp of the noise powers as 
a function of the strength — J of the static exchange cou- 
pling is shown in Fig. for some values of the applied 
external field in the parallel configuration. Quite reason- 
ably, the noise ratio increases with increasing external 
field, since this field stabilizes the P configuration. On 
the other hand, the noise ratio decreases with increasing 
coupling strength, because the coupling stabilizes the AP 
configuration while destabilizing the P configuration. 

Fig. |21 also emphasizes the importance of including 
spin pumping and spin transfer torque. If disregarded, 
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FIG. 2: The ratio Sap/ Sp of the noise powers as a function 
of the strength — J of the exchange coupling, for some values 
of the applied external field in the parallel configuration (in 
the antiparallel configuration, the external field is zero). The 
damping has been set to ao = 0.01 and the anisotropy field 
to uJc/"f = 10 Oe. 



i.e., a' = 0, the ratio Sap/ 'Sp is substantially smaller. To 
understand this, consider the derivation of, and the ex- 
pressions for Sp and Sap- The noise Sp is caused by the 
antisymmetric mode 5m~(t) = <5mi(t) — <5m 2 (i). This 
mode is subject to large fluctuations as well as strongly 
damped by a t = a a + 2a' [19|, in accordance with the 
FDT, and as can be seen from Eq. (|l(Jfl . The noise Sap 
in the AP configuration on the other hand, is caused by 
the mode Sm + (t), which is not as strongly damped. At 
a first look, it may therefore seem like the FDT should 
imply larger resistance noise in the P configuration as 
compared to the AP. But remember that the resistance 
noise goes as square of the magnetization noise, resulting 
in the integration over frequency in Eq. ©. It is this 
fact, together with the difference in damping of the P 
and AP modes (as appearing in the denominators of Eqs. 
(|10fl and l|ll[l ). that is responsible for the suppression of 
the resistance noise in the P configuration as compared 
to the AP. 

We conclude from Fig. [3 that the noise strongly de- 
pends on the magnetic configuration, and on the strength 
of the applied external field in the P configuration. The 
noise level can be much higher in the antiparallel con- 
figuration than in the parallel, in agreement with the 
experimental results of Covington et al. 7] on nearly 
cylindrical multilayer pillars. In these experiments the 
magnetizations were aligned parallel when the external 
magnetic field reached about 1500 Oe. It must be noted 
that whereas we treated spin valves with two ferromag- 
netic films, Covington et al. dealt with multilayers of 
4 — 15 magnetic films. It is likely that the difference be- 



tween the noise properties of bilayers and multilayers is 
small, as the only local structural difference is the number 
of neighboring ferromagnets. This assertion is supported 
by the experiments by Covington et al. that did not re- 
veal strong differences for nanopillars ranging from 4—15 
layers. 
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